We have investigated the effect of pH on the structural and optical properties of chemical coprecipitated Cu 2 ZnSnS 4 (CZTS) nanoparticles. The CZTS nanoparticles have been successfully synthesized at different pH values ranging from 6 to 9, keeping all other deposition parameters as constant. X-ray diffraction and Raman studies confirmed the Kesterite structure. The powders synthesized at a pH value of 8 exhibited preferred orientation along (112) and (220) with near stoichiometric ratio. The as synthesized nanoparticles exhibited direct band gap of 1.4 eV which is an optimum value for the absorber layer in the fabrication of photovoltaic cells.
Introduction
In the last five decades, the properties of bulk materials have been investigated and understood in great detail. But now a great deal of research interest has been turned on the preparation and characterization of nanoparticles for their unique size-dependent electrical and optical properties. Nanotechnology has recently attracted more interest in the fields of photovoltaics, electrooptical devices and sensors, and so forth. Traditionally, CuInGaSe 2 (CIGS) and CuInSe 2 (CIS) have been used as absorber layer in solar cells because of their high conversion efficiency (20%) [1] . But the utilization of these materials in large scale solar cell production could cause an environmental problem due to the toxic nature of selenium and expensive raw materials. To overcome these difficulties, alternative search for absorber layers is still ongoing. Recently the copper zinc tin sulphide (CZTS) nanoparticles have attracted researchers with their unique properties, and they play crucial role in the application of absorber layer in the solar cell. The elements of CZTS are earth abundant, inexpensive, environmental friendly, nontoxic, and pollution-free [2] . CZTS has optimum band gap of 1.4 eV to 1.5 eV which is suitable for photovoltaic applications [3] . CZTS has high absorption coefficient >10 4 cm −1 [4] . Theoretical conversion efficiency of CZTS solar cell is 32.2% [5] . The CZTS solar cell exhibits a conversion efficiency of 10% [6] . Only limited work was carried out on the preparation and characterization of bulk CZTS [7] [8] [9] [10] [11] . But due to the advantages of nanoparticles, in this present work we are synthesizing CZTS nanoparticles.
Among many physical methods [12] [13] [14] [15] and chemical methods [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , chemical coprecipitation method has great advantages in preparing CZTS nanoparticles due to inexpensive apparatus, low power consumption, nontoxic byproducts, high homogeneous, high flexibility, effective size control, and absence of the need of vacuum technique, and this makes such technique more suitable and economical for large scale production. In the present work, we have focused our attention on the effect of pH on the structural and optical properties of the CZTS nanoparticles.
Experimental
To prepare CZTS nanoparticles the chemicals, (
, and H 2 N⋅CS⋅ NH 2 were purchased from Sigma Aldrich in the purest form available and with no need for further purification. The CZTS nanoparticles were synthesized by chemical coprecipitation method with an aqueous solution containing 1.5 mmol of (C 5 H 8 O 2 ) 2 ⋅Cu, 0.75 mmol of (C 5 H 8 O 2 ) 2 SnBr 2 , 0.75 mmol of (CH 3 COO) 2 Zn⋅2H 2 O, and 3 mmol of H 2 N⋅CS⋅NH 2 . Oleylamine is taken as a solvent. In order to change the pH value of the solution, a few drops of diluted ammonia solution were added to the aqueous solution. The experiment was carried out with solutions having pH values 6, 7, 8, and 9. The solutions were stirred for 4 hours at constant synthesis temperature 150 ∘ C. After stirring the solutions, the precipitate was collected and washed with ethanol for 4 to 5 times to remove byproducts. The precipitates were annealed at constant temperature 100 ∘ C. Finally, by grinding the precipitates, we get black colored CZTS nanopowder.
The structure and crystallinity of the CZTS nanoparticles were analysed using X-ray diffraction technique. This analysis was done with a Seifert 3003 TT X-ray diffractometer with Cu K radiation ( = 0.1546 nm). Raman spectroscopic studies of these nanoparticles were carried out using LabRam HR800 Raman spectrometer. Scanning electron micrographs were obtained using scanning electron microscopy (SEM) of model EVO MA 15 manufactured by Carl Zeiss. The compositional studies of these nanoparticles were obtained from energy dispersive spectroscopy (EDS) attached with SEM of model Oxford instruments Inca Penta FETx3. In order to study optical properties of these nanoparticles, the absorption measurements were carried out by using a Perkin Elmer Lambda 950 UV-VIS-NIR spectrophotometer with a wavelength resolution better than 0.2 nm at room temperature.
Results and Discussion
3.1. Structural Characterization. XRD measurements were performed for all the nanopowders to observe the structure of CZTS nanoparticles. The diffraction data was collected at 2 values ranging from 20-to 70-degree diffraction angles. Figure 1 shows the X-ray diffraction patterns of the CZTS nanoparticles at different pH values. The diffraction profiles indicated that the samples synthesized with pH 6 and 7 have peaks at 28.59 ∘ , which corresponds to the orientations along (112) with low intensity, and the sample with pH 8 have peaks at 28.59 ∘ , 47.44 ∘ , corresponds to (112), (220) planes with high intensity of Kesterite structure of CZTS (JCPDS 26-0575), which was in good agreement with the previous reports [26] [27] [28] . The sample with pH 9 exhibited (311) * plane which corresponds to the Cu x S phase according to the JCPDS data (JCPDS 89-2073). The lattice parameters of the CZTS nanoparticles with pH values 6, 7, and 8 were found to be = 0.5427 nm and = 1.0848 nm which are in agreement with the reported data. From these X-ray diffraction studies, we concluded that CZTS phase with better crystallinity was observed when the powders were synthesized at a pH of 8.
XRD studies will be completed only after taking the Raman characterization in to account. Raman measurements could be used to confirm the structure of the CZTS nanoparticles. Figure 2 displays the Raman spectra of the CZTS nanoparticles.
From Figure 2 , the Raman peak was observed at 334 cm −1 for the samples with pH values 6, 7, and 8, which corresponds to the tetragonal structure of the CZTS. This peak was in good agreement with the CZTS [29, 30] . The sample with the pH 9 shows the Raman peak at 418 cm −1 corresponds to Cu x S. This Raman data was in good agreement with the previous XRD studies. The CZTS structure was not found with the pH value 9. Therefore, it can be concluded that the pH of the sample strongly affects the formation of the CZTS nanoparticles.
Scanning electron microscopy (SEM) was used to study the surface morphology of CZTS nanoparticles. Figure 3 displays the SEM images of the CZTS nanoparticles with different pH values. It was observed that the morphology of the nanoparticles with pH values of 6 and 7 has slightly distinct grains with round shape, sample with pH 8 has distinct grains with round shape, and surface morphology was smeary for the sample with pH 9.
Composition Analysis.
The EDS technique was used to estimate the elemental composition of the CZTS nanoparticles. Figure 4 shows the typical image of the elemental composition of the CZTS nanoparticles. From this compositional study, it was noticed that the concentration of the copper was increased with the increase of pH [24] . The increase in the concentration of the copper was less with the increase of pH from 6 to 8. The concentration change in the copper was more while going from pH 8 to pH 9. The CZTS nanoparticles with pH 8 reached near stoichiometry.
Optical Properties.
Optical band gap of CZTS nanoparticles was drawn from ( ℎ]) 2 Vs photon energy by extrapolating the straight line portion of the graph in the higher absorption region, where and ℎ] are absorption coefficient and photon energy, respectively. Figure 5 shows the band gap plots of CZTS nanoparticles with different pH values. From the graph it was observed that the band gap of the CZTS nanoparticles varied from 1.3 to 1.8 eV. Direct band gap values of samples with pH values 6, 7, and 8 were found to be 1.3 eV, 1.35 eV, and 1.4 eV, respectively [3] . However, the sample with pH 9 has band gap 1.8 eV which corresponds to the Cu x S [31] . The change in the optical band gap of this sample is due to compositional difference.
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Conclusions
CZTS nanoparticles were successfully synthesized by chemical coprecipitation method by varying pH value of the solution from 6 to 9. CZTS nanoparticles with pH values 6, 7, and 8 exhibited Kesterite structure with preferential orientations. The sample with pH 8 reached near stoichiometry. The optimum band gap of the CZTS is 1.4 eV. From the previous results and discussions, it seems that the pH will strongly affect the structural and optical properties of the CZTS nanoparticles. The CZTS nanoparticles with pH 8 will be perfectly suitable for the application of the absorber layer of the solar cell.
